ABSTRACT
In their soluble forms, lymphotoxin ␣ (LT␣) and tumor necrosis factor ␣ (TNF␣) are structurally related homotrimers (LT␣ 3 and TNF␣ 3 ) that show similar biological activities by binding to either of the two defined tumor necrosis factor receptors (TNFR), TNF receptor I (TNFR-I) and TNF receptor II (TNFR-II). These receptor-ligand interactions lead to activation of a wide variety of inflammatory responses (1) (2) (3) (4) (5) . LT␣ can also associate with membrane LT␤ to form the membrane-bound LT␣ 1 ␤ 2 heterotrimer. This membrane ligand has no measurable affinity for TNFR-I or TNFR-II but rather shows high affinity for the LT␤ receptor (LT␤R) (1, 4, 5) . Whereas LT␣ and LT␤ are expressed in activated T, B, and NK cells, the LT␤R is expressed exclusively in nonlymphoid tissues. Thus, the biologic activities of membrane LT may depend on interactions between ligand-bearing BM-derived cells with LT␤R-expressing stromal cells. LT␣ mice all manifest profoundly defective lymph node and Peyer's patch development and altered splenic microarchitecture (6) (7) (8) (9) (10) (11) , demonstrating a key role of membrane LT-LT␤R interactions in secondary lymphoid tissue organogenesis. Administration of a soluble LT␤R-Ig Fc␥ fusion protein (LT␤R-Ig) or blocking anti-LT␤ mAb to pregnant mice showed that the essential membrane LT signals for peripheral lymphoid organogenesis were delivered during the second half of gestation (12, 13) . Because membrane LT-dependent lymph node development is retained in scid mice and in RAG-1
mice, it is clear that membrane LT-expressing, non-T, non-B cells are essential for secondary lymphoid organ development. The NK lineage is the only recognized non-T, non-B cell bone marrow (BM)-derived lineage reported to express LT (1, 2) . We, therefore, considered that there might be disturbed development or function of NK cells in LT␣ Ϫ/Ϫ mice. Here, we report that lack of LT but not TNF leads to an impairment of both NK cell and NK/T cell development. IL-15, known to be induced through interferon regulatory factor I (IRF-1) (14, 15) , is an essential cytokine for NK (16) and NK/T (17) cell development. Our observation that IL-15 can bypass the developmental block of LT␣ Ϫ/Ϫ BM cells in vitro suggests that membrane LT on NK lineage cells and LT␤R on stromal cells may regulate the development of NK and NK/T cells by using a mechanism that may be independent or upstream of the IL-15/IRF-1 pathway. This study reveals not only an important function for membrane LT, but also provides an example of a membrane ligand regulating the development of NK cells through an interaction with LT␤R expressed on cells within the BM microenvironment.
MATERIALS AND METHODS
Mice, Antibodies, and Soluble Receptor. LT␣ Ϫ/Ϫ mice were initially prepared on a mixed 129/Sv ϫ C57BL/6 background (6) and maintained by interbreeding under specific pathogenfree conditions. LT␣ Ϫ/Ϫ mice and their LT␣ ϩ/ϩ littermates were therefore available on similar genetic backgrounds. Where indicated, the targeted allele was backcrossed six times to C57BL/6 mice (N6 heterozygotes). The N6 mice were then intercrossed to produce LT␣ Ϫ/Ϫ mice on the C57BL/6 background. TNFR-I Ϫ/Ϫ and TNFR-II Ϫ/Ϫ mice (C57BL/6 background) were provided by Jacques J. Peschon (Immunex) (18) . TNF␣ Ϫ/Ϫ mice were provided by Michael Marino and Lloyd Old (Ludwig Institute for Cancer Research, New York). Animal care and use were in accordance with institutional guidelines. Murine LT␤R-human IgG1 Fc and human lymphocyte function-associated antigen (LFA)-3-human IgG1 Fc fusion proteins and anti-LT␤ mAb were generously provided by J. Browning (Biogen) (4, 12) . For some experiments,
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. LT␤R-Ig fusion protein was prepared in our own laboratory. Anti-CD3, anti-NK1.1 (PK136), anti-pan NK (DX-5), and anti-B220 antibodies conjugated with FITC or phycoerythrin were all obtained from PharMingen. Splenocytes and BM cells were stained and analyzed by two-color flow cytometry on a FACScan fluorescence-activated cell sorter (Becton Dickinson). Rabbit polyclonal anti-asialo-GM-1 (anti-ASGM1) was obtained from Wako Chemicals (Richmond, VA).
NK Cytotoxicity Assay. Fresh splenocytes from C57BL/6 and C57BL/6-LT␣ Ϫ/Ϫ mice, recovered by using a Lympholyte-M gradient (Cedarlane Laboratories), were used in a standard 51 Cr-release assay against YAC-1 cells for natural killing ability in vitro by using several effector/target ratios (20) . Spontaneous 51 Cr release was Ͻ15% of maximum release.
NK-Dependent BM Rejection Assay. After lethal ␥-irradiation (9. mol of FUdR. On day 6, the spleens were removed and rinsed with PBS, and the radioactivity was counted with a ␥-counter. Incorporation of radioactivity into the spleens was used as an index of hematopoietic precursor cell proliferation (21, 22) . Where indicated, wt mice were treated with 50 l of anti-NK cell polyclonal antibody, ASGM-1, i.v. 2 days before BM transfer to remove endogenous NK cell activity.
Analysis of NK/T Cell Function. IL-4 production by NK/T cells was determined as described (23) . Groups of three mice were treated with 2 g of anti-CD3 mAb (2C11) by i.v. tail vein injection. Ninety minutes later, the spleens were removed and a single cell suspension was produced and cultured in RPMI 1640 plus 10% FBS at 1 ϫ 10 7 cells per ml for 2 h. Culture supernatants were harvested, and IL-4 levels were measured by using a mouse IL-4 ELISA kit (Endogen, Cambridge, MA).
Reciprocal Transfer of BM and Spleen Cells. BM (2 ϫ 10 6 ) and spleen (50 ϫ 10 6 ) cells were transferred to ␥-irradiated (10.5 Gy from 137 Cs source for BM transfers, 7 Gy for spleen transfers) recipients were prepared as described (11) . Four to eight weeks after BM transfer, spleens and BM were collected, and the numbers of cells in various lymphocyte subsets were determined by using flow cytometry. Where indicated, BM cells from 129/SvJ and C57BL/6J or LT␣ Ϫ/Ϫ mice were mixed in a 1:1 ratio and 2 ϫ 10 6 mixed cells were transferred into lethally irradiated 129/SvJ recipient mice. Four to six weeks later, recipient splenocytes were collected for analysis. When isolated splenocytes were transferred, recipient spleens were collected for analysis 10 days after irradiation and transfer. The numbers of NK1.1 ϩ cells were determined by using flow cytometry as described above. In Vitro Generation of NK cells. BM cells (50 ϫ 10 6 ) were cultured for 7 days in RPMI 1640 containing 10% FBS and 100 ng/ml human recombinant IL-15 (gift from Thomas Waldmann, National Cancer Institute). Cells recovered from cultures were analyzed by using flow cytometry for expression of NK1.1 and CD3 and for cytotoxic activity with YAC-1 cells as target.
Analysis of IL-15 Gene Expression. Total RNA was prepared from freshly isolated BM cells or BM cells cultured in vitro with lipopolysaccharide (30 g/ml) and IFN-␥ (100 units/ml) for 6 h. RNase protection assay of murine IL-15 mRNA was carried out by using the RiboQuant kit (PharMingen) according to the manufacturer's instructions.
RESULTS AND DISCUSSION

Impaired NK and NK/T Cell Development and Function in LT␣
؊/؊ Mice. By using flow cytometry, we found that the numbers of NK cells in the spleens of LT␣
) were greatly and consistently reduced compared with wt mice (6.8 fold) (Fig. 1A) . A variable reduction of NK cells (25-75% in five individual experiments) was also observed in the BM of LT␣ Ϫ/Ϫ mice. This result suggested that there was a primary failure of NK cell development in the BM, although there might also have been reduced release of NK cells from the marrow to the periphery.
The developmental relationship of CD3 Ϫ NK cells to NK/T cells has not yet been well defined. A close relationship between the two lineages is suggested by their concomitant deficiency in IRF-1-deficient mice and by their shared expression of genes encoded in the NK gene complex that are not generally expressed by other cells (14, 24, 25) . Of interest, the numbers of NK/T cells were, like the numbers of NK cells, also reduced in LT␣ Ϫ/Ϫ compared with wt mice (Fig. 1 A) . We next studied whether the reduced number of NK cells in LT␣ Ϫ/Ϫ mice significantly affected NK activity. LT␣ Ϫ/Ϫ mice failed to reject BM transferred from ␤ 2 -microglobulindeficient donors. Rejection of MHC class I-deficient BM in vivo, which is normally NK cell-dependent, was dramatically impaired in LT␣ Ϫ/Ϫ mice (Fig. 1B) . Freshly isolated splenocytes from LT␣ Ϫ/Ϫ mice also failed to mediate cytotoxicity of YAC-1 target cells in vitro (Fig. 1C) . Similar data were obtained from poly[I:C]-stimulated splenocytes. Thus, the reduced number of NK cells in the LT␣ Ϫ/Ϫ strain is coupled with significant impairment of NK cell activity measured in vivo and in vitro. In addition, we observed a dramatic decrease in NK/T cell function in LT␣ Ϫ/Ϫ mice as assessed by IL-4 production after i.v. administration of anti-CD3 mAb (Fig.  1D) . The shared requirement for LT to support the development of both CD3 Ϫ NK cells and CD3 ϩ NK/T cells adds support to a developmental relationship between these two lineages.
Essential Interaction Between Membrane LT and LT␤R for NK Cell Development. LT␣ Ϫ/Ϫ mice lack both soluble LT␣ 3 that signals through TNFR-I or TNFR-II and membrane LT that binds LT␤R (1, 2). To determine which of these ligandreceptor interactions is responsible for defective NK cell development, we analyzed TNF␣ Ϫ/Ϫ , TNFR-I Ϫ/Ϫ and TNFR-II Ϫ/Ϫ mice. In all three of these gene-targeted mouse strains, the numbers of NK and NK/T cells were similar to those in wt mice ( Table 1 ), indicating that LT␣ 3 /TNF receptor or TNF/ TNF receptor signaling is not essential for NK cell development. Rather, membrane LT/LT␤R-mediated signaling is required. To investigate this directly, we used LT␤R-Ig fusion protein to block membrane LT activity in developing wt mice; the splenic NK cell number was markedly reduced (Fig. 2) . Although LT␤R-Ig can also bind human LIGHT, another recently identified membrane-associated TNF family member (26) , administration of anti-LT␤ mAb (which does not interact with LIGHT) also resulted in a reduction in NK cell numbers comparable to treatment with LT␤R-Ig (data not shown). Thus, the data indicate that a signal from membrane LTexpressing cells (LT␣ 1 ␤ 2 ϩ ) to responsive (LT␤R ϩ ) cells is required for normal NK cell development.
It is well recognized that RAG-1
and scid mice retain functional NK cells (27) . To investigate whether this robust NK cell development that occurs independent of T and B cells is also dependent on membrane LT, we treated developing RAG-1 Ϫ/Ϫ mice with LT␤R-Ig. A 40-80% reduction of splenic NK cells was readily detected at 5 weeks of age (Fig.  2) . Because the NK lineage itself is one of the major membrane LT-expressing lineages other than B and T lymphocytes, these experiments suggest that NK cells may depend on the expression of membrane LT on the NK lineage itself.
LT-Dependent BM Microenvironment for NK Cell Development. We have previously shown that certain elements of the LT␣-dependent lymphoid tissue microenvironment are plastic whereas others are developmentally fixed (11) . To test whether introduction of LT␣-expressing cells into an LT␣-deficient microenvironment can restore NK cell development, we transferred BM cells from wt C57BL/6 mice into lethally irradiated C57BL/6 LT␣ Ϫ/Ϫ recipients. Four to eight weeks after reconstitution, splenic NK cells were not restored even though the numbers of splenic B and T cells had been restored. These data suggest that an LT␣-dependent microenvironment is essential for NK cell development and that absence of this microenvironment is developmentally fixed in adult LT␣ Ϫ/Ϫ recipients ( Table 2) .
Many aspects of the splenic microarchitecture are grossly altered in LT␣ (1999) microenvironment retained the ability to support the localization of NK cells into the spleen, we transferred splenocytes from wt mice into sublethally irradiated LT␣ Ϫ/Ϫ or wt recipients. Five to ten days after transfer, the numbers of NK cells in the spleens of reconstituted LT␣ Ϫ/Ϫ mice were similar to those in the spleens of reconstituted wt mice (Table 2) Values reported represent cells with the indicated phenotype expressed as percentages Ϯ SD of total splenocytes (n ϭ 4, except for splenocyte transfers where n ϭ 2). The analyses were performed 4-8 weeks after BM transfer or 10 days after splenocyte transfer. (Fig. 3A) . These NK1.1 ϩ cells show natural killing activity against YAC-1 cells (Fig. 3B) . Additionally, unstimulated total BM cells from LT␣ Ϫ/Ϫ mice demonstrate low levels of IL-15 mRNA expression similar to wt BM cells; however, unlike IRF-1 Ϫ/Ϫ mice, BM cells from LT␣ Ϫ/Ϫ mice up-regulate IL-15 mRNA expression similarly to BM cells from wt mice after stimulation for 6 h with lipopolysaccharide and IFN-␥ (Fig. 3C ). These data suggest that the action of LT␣ in NK development is either independent of IL-15/IRF-1 or upstream in the IL-15/IRF-1 pathway. It is possible that in the normal BM microenvironment membrane, LT on NK cell precursors interacts with LT␤R on stromal cells, which then leads to the development of stromal cells. Therefore, membrane ligands, such as LT, may occupy a unique position in the development of NK cells.
Our data suggest a reciprocal interaction between NK cell precursors and the microenvironment in which they develop. This direct, reciprocal interplay for cellular maturation may not be unique for the NK cell lineage. We have previously shown that membrane LT-expressing B lymphocytes are essential and sufficient for the induction of clusters of follicular dendritic cells. The microenvironment represented by the follicular dendritic cells then supports the terminal maturation of the B cells permitting the development of a high-affinity, isotype-switched antibody response (28) . It appears, therefore, that membrane LT-dependent signaling by BM-derived cells to the supporting cells of the microenvironment may be generally necessary for maturation or activation of these stromal cells, which then support the development and function of the membrane LT-expressing cells. Further investigation of the reciprocal cellular collaborations resulting from direct ligandreceptor interactions will lead to detailed understanding of the molecular mechanisms by which the BM microenvironment supports lymphoid cell development.
